Ovomermis sinensis is a potentially-valuable nematode for controlling insect pests. The parasitic stage of the nematode absorbs nutrients in its host's hemolymph to maintain its growth development and then kills the host when it emerges. At present, little known about its reproductive development, particularly the responsible molecular mechanism. More detailed research on the genes of reproductive development will not only help us understand the mechanisms underlying sex differentiation in the nematode, but would also be valuable for successfully cultivating them in vitro and using them for biocontrol. In this study, we used the homology cloning method to clone the full-length cDNA of a DEAD-box family gene (Oslaf-1) from O. sinensis. Then, using qRT-PCR technology to detect the expression pattern of the Oslaf-1 gene at different development stages and tissues, the gene was found to be highly expressed in the post-parasitic stage (P < 0.01) and ovarian (P < 0.05) of O. sinensis. Western blot analysis showed the same result that the gene is associated with gonadal development and function, but is not gonad-specific. In situ hybridization further demonstrated that the gene is widely expressed in early embryos and is mainly distributed in the gonadal area. However, the signal was mainly concentrated in the reproductive primordia in pre-parasitic juveniles. RNA interference (RNAi) studies revealed that the sex ratio of O. sinensis soaked in dsRNA of Oslaf-1 was not statistically different than the gfp dsRNA treated groups. Our results suggest that Oslaf-1 may play a vital role in the reproductive systems of the nematode. In addition, we speculate that the Oslaf-1 gene plays an important role during embryonic development and that it occurs and develops in the gonads of pre-parasitic juveniles of O. sinensis.
Introduction
Ovomermis sinensis is a mermithid nematode that parasitizes a broad range of lepidopteran pests, including Helicoverpa armigera [1] . Pre-parasitic juveniles of mermithids search for and enter their insect hosts, then develop in the hemocoel of hosts. The fully developed juveniles a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 (parasites juveniles) emerge through the host's integument, kills the host, and then enters the soil to develop from post-parasite juveniles into adults. Male and female adults mate and lay eggs to complete their life cycle [2] . Because the parasitism rate of mermithid nemotodes (and O. sinensis in particular) is equal to the host's mortality rate, they have considerable potential for biologically controlling insect pests [2, 3] .
O. sinensis has a strong ability to adapt to its environment. Sex differentiation in O. sinensis is determined by environmental cues (called environmental sex determination or ESD), in contrast to genotypic sex determination (GSD), which is the more common mechanism in animals. In controlled experiments, O. sinensis became females when the parasitic intensity was less than 10, while they developed into males when it was more than 40. In other words, parasitic intensity (or its nutritional requirements in the parasitic stage) is an important factor determining sex differentiation of O. sinensis [4, 5] . At present, most research has focused on macro-morphology and molecular mechanisms. Because there has been no research focused on how to induce a large number of nematodes to control pests, we intended to find a method to successfully culture O. sinensis in vitro. Our research also advances the science of sex differentiation and its relationship to functional genes.
DEAD-box family proteins are a putative, ATP-dependent, RNA helicase that involves various stages of RNA processing and RNP remodeling. DEAD-box proteins are defined by their conservation motifs, including the D-E-A-D (Asp-Glu-Ala-Asp) [6] . Vasa, PL10, P68, and eIF4A sub-families are members of DEAD-box family of proteins. C. elegans is a well-known model organism for this protein family. The laf-1 gene of C. elegans is a negative regulator of the tra-2 gene, which regulates developmental stages, and in turn, promotes virilization. The VBH-1: GFP localization technique shows that the fusion protein is co-located with P-particles, including proteins required for mature RNA and germline-specific proteins (PGL-1) [7] .
Previous data suggest that the function of laf-1 is required for embryonic development and sex differentiation in C. elegans, laf-1 was identified in screens for dominant suppressors of the sterility produced by gain-of-function fem-3 mutations and it is thought to promote male cell fates by negatively regulating expression of tra-2 in both hermaphrodites and males [8] . It was expressed in somatic cells of the male gonads and hermaphroditic nematodes in all stages of development. In addition, Duan et al. investigated the expression patterns of laf-1 gene from Romanomermis wuchangensis at different developmental stages by qRT-PCR, and detected the function of the sex differentiation gene using RNAi, but she did not show the specific function of the gene in R. wuchangensis [9] . Consequently, the function of laf-1 gene in is not clear in mermithid nematode, we want to explore the function of laf-1 gene in O. sinensis.
Materials and methods

O. sinensis and the host
H. armigera larvae, obtained from the Chinese Academy of Science (Wuhan, China), were used as hosts. A laboratory colony of O. sinensis was originally collected from Shangcai, Henan Province, China (114˚54 0 E; 33˚38 0 N), as described by Jiao et al. [10] .
A total RNA extraction kit (SV Total RNA Isolation System) and the pGEM-T Easy vector kit were purchased from Promega Corporation; a total RNA extraction kit (TIANGEN E.Z. NA. TM MicroElute Total RNA Kit, Beijing, China) was purchased from Omega Company; a Fluorescent Assay Kit (TIANGEN FastQuant RT Kit, Beijing, China), MLVs reverse transcriptase, ExTaqTM, pMDTM18-T vector connecting kit and gel extraction kit were purchased from Takara; SMARTTMRACE kit was purchased from Clontech Company. A Protein Marker was purchased form Fermentas. Pmal-C2x vector and Anti-MBP antibodies were purchased from NEB. DyLight 800 Goat anti-Mouse IgG (H + L) was purchased from KPL. DIG High Prime Labeling Kit I and Anti-Digoxigenin-AP Fab fragments were purchased from Roche. Primers were synthesized at Qingke Company.
RNA extraction, cloning and sequence analysis of cDNA
Total RNA was extracted from each sample using Trizol reagents (Invitrogen, China), according to the manufacturer's instructions, and then treated with DNase I (Invitrogen, China). First strand, complementary DNA was reverse-transcribed using the Maxime RT PreMix kit (TIANGEN, Beijing, China). The PCR products were resolved by electrophoresis on a 1% ethidium-bromide-stained agarose gel. Then, we performed reverse transcription reactions according to instructions. Purified DNA fragments were ligated into a pMD18-T vector and transformed into Escherichia coli DH5α competent cells. Single white colonies were randomly picked and cultured in 5 ml Luria-Bertani (LB) liquid medium containing ampicillin (100 mg/ ml) and grown for 8 h at 37˚C. The products were confirmed by sequencing at the GenScript biotechnology company (Nanjing, China). DNAman, Lasergen, and Clustalw biological software were used for sequencing analyses, using Blast search on the NCBI website (www.ncbi. nlm.nih.gov/BLAST). MEGA 6 was used to construct a phylogenetic tree using the neighborjoining method, based on differentiation genes relative to other nematodes species. Domain prediction was performed using SMART (http://smart.embl-heidelberg.de).
Oslaf-1 full-length cDNA
The reverse transcription product with an oligo (dT) 24 primer and MLV reverse transcriptase (TaKaRa, Dalian, China) were used in PCR to amplify the target gene Oslaf-1 open reading frame according to the Takara (SYBR Premix Ex Taq II) manufacturer's instructions. Based on the sequence of Oslaf-1 found in our laboratory, the cDNA of Oslaf-1 gene was obtained using a cDNA amplification kit (TaKaRa, Dalian, China). A pair of specific primers (Table 1) was designed to amplify the full-length cDNA using Primer Premier 5.0 software. The following reaction procedure was used for our PCR experiment for denaturing: 3 min at 95˚C, 35 cycles for 30 s at 95˚C, 30 s at 55˚C, 30 s at 72˚C, and 10 min at 72˚C. The amplified product was cloned into a pMD18-T vector and transformed into the E. coli strain DH5α before sequencing.
The expression pattern of Oslaf-1
The quantitative real-time PCR (qRT-PCR) method was utilized to determine the expression pattern of Oslaf-1 in sugarcane via SYBR Premix Ex Tap™ II (TaKaRa, Dalian, China). Each sample RNA from the embryos development, pre-parasitic juveniles (J2), parasitic juveniles (J3) (parasitic for two, four, and six days), post-parasitic juveniles (J4) (five and 15 days after prolapsing), adult females and males (five days after molting) phase, adult females and males five days after mating, gravid females were extracted from O. sinensis using E.Z.NA. TM MicroElute Total RNA Kit (Omega Company). Each test was replicated three times. We used vL/vR, and aL/aR primers to amplify the Oslaf-1 gene (Table 1) and to amplify actin, which was used as an internal control, to quantify the relative transcript level of Oslaf-1. Based on the cDNA sequence, specific primers of the Oslaf-1 gene (Table 1) were also designed. Reverse transcription was performed for qRT-PCR. The qRT-PCR was initiated with an activation step at 95˚C for 2 min, followed by 40 cycles of 10 s at 95˚C, 8 s at the Tm specific for the primer pairs used. A melting curve cycle was given at 95˚C for 8 s, 58˚C for 12 s with acquisitions 0.5 per˚C from 95 to 58˚C to confirm the amplification of a single product. The relative level of gene expression was calculated using the 2 −ΔΔCt formula of Livak and Schmittgen [11] , calculated from three samples from independent experiments. Data were subjected to one-way analysis of variance followed by Tukey's test for multiple comparisons, where differences were considered significant at P < 0.05.
The expression of Oslaf-1 in different tissues of O. sinensis
Tissue distributions of Oslaf-1 mRNA were investigated in O. sinensis, using the semi-quantitative RT-PCR and using β-actin as a control. Each sample RNA were extracted from the testis, ovary, body wall, head, and tail. Each test replicated three times. Semi-quantitative RT-PCR was conducted as follows: 94˚C for 3 min, 32 cycles of 94˚C for 30 s, 58˚C for 30 s, and 72˚C for 30 s, ending with 10 min of extension at 72˚C. PCR products were isolated with 1% agarose gel.
The distribution of Oslaf-1
Immune serum was collected from immunized mice with the assistance of the Virus Research Institute in Wuhan and the purified protein was used to immunize BALB/c mice. Antibody was tested using the Western blot analysis. Anti-MBP-OsLAF-1 antiserum was obtained two months later, Western blot was performed according to standard protocols as previously described by Wei et al. [12] .
The localization of Oslaf-1
In situ hybridization on paraffin sections of embryos and on the embryos of medaka were carried out according to protocols described by Christine et al. [13] . Sense and antisense digoxigenin (DIG)-labeled RNA probes were synthesized with the DIG RNA labeling kit (Roche Diagnostics GmbH, Mannheim, Germany), following the manufacturer's instructions. The expression of the Oslaf-1 transcript gene was determined according to Thompson et al. [14] .
Nematode soaking, FITC treatments and RNAi assay
Oslaf-1 was determined using an RNAi experiment to determine the physiological function of sex differentiation. Double-stranded RNA (corresponding to Oslaf-1) was used in the soaking experiments, as described by Duan et al. [9] . 
Statistical analysis
Using SPSS (SPSS Inc., Chicago, Illinois, U.S.A), significant differences between treated groups and control group were evaluated by Student's t-test at P < 0.05 and P < 0.01.
Results
Phylogenetic and sequence analysis of the Oslaf-1
The full length of Oslaf-1 cDNA is 2,596 bp with an open reading frame (ORF) that spans 2,235 bp. The ORF codes for a protein with 744 amino acid residues and a molecular weight of 82.5 kDa (Fig 1) . The Oslaf-1 contains all structural domains of the DEAD-box gene family: F,MYDKP TVG,AQTGSGKT,PTREL,GG,TPGR,DEAD,SAT,RGLD,HRIGRTGR. Therefore, it can be shown that the Oslaf-1 gene belongs to the DEAD-box gene family. The motif (AQTGSGKT) corresponds with the motif (AXXXXGKT). It is located in the N-terminal (301-308) of Oslaf-1 and is an ATPase A motif and an ATP binding site. The conserved region, located in the N-terminal (423-426) of Oslaf-1, is an ATPase B motif, which is the ATP hydrolysis site, a region widely found in all DEAD-box protein families. In some DEAD-box family proteins, the conserved regions (SAT and HRIGRTGR) are thought to be related to RNA binding and helicasing [15, 16] . We conducted phylogenetic and molecular evolutionary analyses of selected homologs of 4E-T from diverse animals using the software MEGA version 3.1 [17] . We selected some typical members of the DEAD-box family of proteins, such as Vasa, PL10, and three P68 subfamilies. When a phylogenic tree of the conserved sequences of amino acids was constructed using the neighbor-joining method, all Vasa, PL10, and P68 subfamily members clustered into a branch (Fig 2) . Although they all belong to the DEAD-box family, there is a greater similarity between some members of the same subfamily than among members of other subfamilies. In addition, the laf-1 gene shared high homology with the VBH-1 gene of C. elegans, C. remanei, and C. briggsae, further indicating that the protein in our experiment belongs to the PL10 subfamily. Therefore, we determined that the gene was Oslaf-1.
The phylogenetic tree shows that DEAD-box family amino acid sequences were relatively conserved (Fig 2) . The Oslaf-1 gene from O. sinensis has the closest amino acid sequence identity (73%) to the sequence of the laf-1 gene from C. elegans, followed by 66%, 64%, and 56% similarity to the sequences of VBH-1 (C. elegans), PL10 (M. musculus), and Ded1p (S. cerevisiae), respectively. Conserved motifs of the protein were compared among the Oslaf-1 gene of O. sinensis and the VBH-1 laf-1 of C. elegans (Fig 3) . There is a high homology in the conserved motifs of the three proteins. This provides evidence that the gene cloned in O. sinensis is Oslaf-1.
Expression patterns of the Oslaf-1
The qRT-PCR method was used to measure mRNA expression pattern of the Oslaf-1 gene in O. sinensis (Fig 4) . The qRT-PCR results revealed that the earliest period that the Oslaf-1 transcript can be detected is during the embryo development phase, but there was no significant difference in gene expression level during the embryo development phase, pre-parasitic juveniles (J2), parasitic juveniles (J3), adult males and gravid females. The highest relative level of expression was during the post-parasitic stage (J4) (especially at 15 days after prolapsing) (P < 0.01). Following that, the degree of expression gradually decreased. However, expression level was significantly higher in females than in males (P < 0.05).
Expression profiles of Oslaf-1 for various tissues
The qRT-PCR revealed that Oslaf-1 was expressed in all tissues we examined, including head, tail, testis, ovary, and integument. The gene was expressed strongest in both the testis and ovary (Fig 5) , expressed relatively weakly in the head and tail, and relatively-weakly or not expressed in the integument. The relative expression of Oslaf-1 in the ovary and testis was significantly higher than in other tissues (P < 0.05), and the signal in the ovary (1.4437 ± 0.0898) was significantly stronger than in the testis (0.6563 ± 0.0712) (P < 0.05). This result suggests that the gene is related to the functioning of the gonads, although the Oslaf-1 transcript was not specifically expressed in gonads. 
Oslaf-1 and Ovomermis sinensis
Coomassie brilliant blue, which revealed a distinct band with a molecular mass of 82.5 kDa (in accordance with the predicted molecular mass). Cells of E. coli, BL21 transformed with pMALc2x vector (and induced with IPTG) produced a protein of 42.5 kDa (Fig 6A) .
Recombinant protein (analyzed by Western blot) showed predicted bands of 82.5 kDa recombinant MBP-OsLAF-1 protein (Lane 2) and 42.5 kDa MBP protein (Lane 5) (Fig 6B) . The dilution of anti-MBP and fluorescent-mouse secondary antibody was 1:3000 and 1:5000, respectively. 
The preparation of the Oslaf-1 antiserum and Western blot analysis of the specificity of antisera. Our antibody tests showed that the MBP-OsLAF-1 could be recognized by the polyclonal antibody against the fusion protein (Fig 7) . However, no obvious band was detected in 
the groups of lysates we tested from bacteria without induction or from those only expressing the MBP protein. These results indicated that the antiserum had high specificity for the Oslaf-1 gene. The dilution of the polyclonal antibody and fluorescent-mouse secondary antibody was 1:3000 and 1:5000, respectively.
The distribution of OsLAF-1 protein in different tissues of O. sinensis
The results of the Western blot test showed that the Oslaf-1 gene was expressed in the testis, ovary, head, and tail, whereas there was low or no expression in the integument (Fig 8) . The signal in the testis and ovary was significantly higher than in the head and tail (P < 0.05), these results were consistent with previous studies in qRT-PCR, indicating that the gene is related with the functioning of the gonads.
In situ hybridization of embryos
The probes labeled by DIG were used for hybridization with embryos and pre-parasitic juveniles. NBT/BCIP staining showed positive signals (Fig 9) . The results showed that the redbrown positive signals could be detected in all stages of embryonic development (Fig 9) . In the early stages of embryogenesis, the signals were distributed widely in the embryonic blastomeres (Fig 9A and 9B) . As embryogenesis progressed, signals gathered in the certain parts of the embryos, which may be in gonads (Fig 9C) . In pre-parasitic juveniles, the signals mainly concentrated in the reproductive rudiment (Fig 9D and 9E) . Therefore, we hypothesize that Oslaf-1 and Ovomermis sinensis the expression of the Oslaf-1 transcript is closely related with early embryogenesis and gonadal development.
RNAi of Oslaf-1 of O. sinensis
RNAi results revealed that the sex ratio of O. sinensis (determined from RNAi treated groups soaked in dsRNA of Oslaf-1) demonstrated a slight, there was no significant difference compared with the control group (Fig 10A) . In order to detect whether RNAi successfully silenced the gene, we performed fluorescence quantitative experiments on the interfering nematodes. The results compared with the control group showed a significant difference and the knockdown effect is obvious (Fig 10B) . 
Oslaf-1 and Ovomermis sinensis
Discussion
Helicases are enzymes that can separate duplex oligonucleotides in a NTP-dependent fashion and are essential in all aspects of DNA and RNA metabolism [18] . This protein contains two categories: DNA helicase and RNA helicase [19] . The classification of these proteins into three superfamilies and two families (herein named SF1-SF5) is based on proteins biological occurrence and characteristics of conserved motifs in the primary sequence [20] . According to the classification of Gorbalenya and Koonin, DEAD-box and related DEAH, DExH, and DExD families are members of SF2, sharing eight conserved motifs [21, 22] . The DEAD-box family is the largest family by far, and is characterized by the presence of nine conserved motifs that have been shown to be involved in ATPase and helicase activities and in their regulation [23] . Some of the conserved motifs also participate in RNA binding.
The DEAD-box proteins form a widely-dispersed family of proteins found in all eukaryotes, and most prokaryotes [24, 25] . The DEAD-box proteins were first identified as a distinct family in the late 1980s when alignments were discovered, based on eight homologues of the yeast eIF4A translation initiation factor [6] . The name of the family was derived from the aminoacid sequence D-E-A-D (Asp-Glu-Ala-Asp) of its Walker B motif.
The DEAD-box proteins participate in nearly all aspects of RNA metabolism [22] , such as RNA transcription regulation, mRNA precursor splicing, transporting and maturation, ribosome biogenesis and assembly, initiation of translation of the protein, RNA degradation, and the expression of organelle genes [17, 26] . In addition, the proteins also play an important role in cell growth and differentiation. Despite the fact that DEAD-box proteins are involved in Oslaf-1 and Ovomermis sinensis many diverse cell mechanisms, their precise roles, functions, and regulation are largely unknown [22] .
Phylogenetic analyses show that the DEAD-box helicase family of proteins are generally divided into Vasa, PL10, P68, and the eIF4A subfamily. In our experiment, the Oslaf-1 gene from O. sinensis belongs to the PL10 subfamily. It is very similar to the protein LAF-1 and VBH-1 in C. elegans, PL10 in mouse, and Ded1p in yeast, with 73%, 66%, 64%, and 56% similarity, respectively.
In qRT-PCR experiments, the gene expression of O. sinensis in the post-parasitic period and ovarian were the highest. We found that the Oslaf-1 gene was highly expressed in the testis and ovary, but that expression was relatively weak in the head and tail (P < 0.05), whereas there was low or no expression in the integument (by qRT-PCR and Western blot). Our result was similar to the gene expression of PL10 subfamily of the DEAD-box family. The PL10 gene in mice is only expressed in male germ cells in the early stage of embryogenesis, and functions in transcription regulation during spermatogenesis [27] . Some genes, such as An3 in Xenopus laevis, PL10a in zebrafish, and PL10 in Rana temporaria are expressed in the testis, ovary, brain, heart, intestines, and other tissues of adults [28, 29] . In addition, the gene laf-1 in C. elegans is expressed in eggs, L1-L4 in larvae, young adults, in the gonads of males, and in somatic cells of hermaphrodites [30] .
Salinas et al. find that VBH-1 protein is specially expressed in the gonadal of C. elegans and is also detected in the oogenesis and spermatogenesis [31] . However, immunofluorescence show that it can express in the primary spermatocyte and secondary spermatocyte but not in mature sperm, which indicate that VBH-1 protein may associate with occurrence and development of germ cells of C. elegans, and play an important role in reproductive development as Cre-VBH-1 proteins in C. remanei [27] . Immunolocalization reveal that VBH-1 and Cre-VBH-1 proteins are weakly expressed in somatic cells, suggesting that these two proteins may also function in tissues outside nematode's germline [32] .
The results of Western blot showed that Oslaf-1 expressed in head, tail, testis and ovary of O. sinensis but no in its wall, and it expressed significantly higher in gonad than head and tail (P < 0.05) which was similar to the RT-PCR results. The results found in O. sinensis are consistent with the conclusions that VBH-1 and Cre-VBH-1 are function in gonad development of C. elegans and C. remanei respectively [27, 32, 33] . Genetic analysis shows that LAF-1 protein can promote C. elegans masculinization and it plays an important role in genital sex determination and embryo development in C. elegans [30] . Beside, laf-1 gene is also expressed outside of the gonads in C. elegans. In this study, Oslaf-1 gene expressed higher in gonads and it also detected in other tissues in O. sinensis. All of this are same with the finding in previous reports [33, 34] , we speculate that OsLAF-1 protein is closely related to gonadal function in O. sinensis.
In situ hybridization showed that the Oslaf-1 gene transcripts were not widely distributed in the gastrula stage, especially in juvenile Stage I, where the signal was focused on the reproductive rudiment. This indicates that the Oslaf-1 gene is related to the development of gonads, which is consistent with the function of VBH-1 and laf-1 genes in the gonads of C. elegans [30, 31] . These gene transcripts were widely distributed in blastomeres (unicellular and four cellular stages), and in later stages, gradually concentrating in the reproductive rudiment. Furthermore, we found that the gene was a maternal gene that participates in the process of regulating the early embryogenesis and gonadal development of O. sinensis.
O. sinensis is an insect pathogen nematode whose sex determination occurs during parasitism, depending on the nutrient competition pressure (environmental determinism) of parasitic age. The growth and development of genital organs in O. sinensis occurred after they emerge from the host rather than the parasitism stage [35] . Our study (Figs 4-9 ) revealed that laf-1, a maternal gene, was associate with the development of gonadal for that was highly expressed in the ovary (P < 0.05) . Fig 4 (3-5) shows that there was no significant differences in laf-1 expression at parasitic stage, suggesting that was not play a direct role in sex-determining process of O. sinensis, and the RNAi experiment give the same conclusion.
Conclusions
In order to study the mechanism of gender differentiation and gonadal development, we explored the laf-1 gene, and the result shows that laf-1 plays an important role in the development of gonad in the nematode but not associated with sex determination, and other functions of laf-1 need to be further studied. 
